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Abstract 
The current designs of supporting structures of elevated water tanks are tremendously vulnerable under lateral forces 
due to an earthquake and the Bhuj (India) earthquake provided another illustration when a great number of water 
tanks with frame staging suffered damage and a few collapsed. Liquid storage tanks and particularly elevated 
reservoirs including structures with very high significance and elements of the main arteries are considered. In the 
past earthquakes, it has been identified that the reinforced concrete water tanks under lateral earthquake loads have 
been extremely susceptible, so that in some cases, these tanks had suffered collapse. According to the studies it was 
found that current detriment in frame staging, creating plastic hinges in beams and columns and created deep cracks 
in the columns which are in place to connect container. In this paper, at first by studying the losses occurred in 
reservoirs during past earthquakes, the reasons for these occurred damages studied and then so provide patterns for 
these damages in structures. In comparison with reinforced concrete elevated water tanks with shaft staging, the 
reinforced concrete elevated water tanks with frame staging have shown better seismic behavior to resistant against 
lateral loads. Considering the fact that damage pattern recognition is necessary to the appropriate analyze in 
reservoirs in the methods of nonlinear and dynamic, so the main objective of this paper is to obtain the damage 
pattern in reservoirs for using in analytical methods. In this paper, a sample of a reinforced concrete elevated water 
tank, with 900 cubic meters under one earthquake record have been studied and analyzed using dynamic time history 
analysis. It was determined which failure modes of shear forces in beams and also, failure modes of axial force are 
dominant in this reservoir. 
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1. INTRODUCTION
Elevated water tanks are a type of elevated liquid tanks considering as important town services in 
many cities. Their safety performance is a critical concern during strong earthquakes. They should not 
collapse after earthquake, so that they can be used in essential requirements like preparing drinking water 
and quenching fires. Due to the shortage of water for drinking or disturbing in quenching fire during 
critical conditions, by collapsing of these structures and falling down of water perils occurred for people 
and their health in the city. Many studies focused on the seismic behavior, analysis and design on tanks, 
particularly in ground tanks. In the last decade most of these studies have concentrated upon the elevated 
tanks. Due to the failure of lifeline structures, such as elevated tanks with insufficient seismic  resistance, 
past earthquakes have shown which it can be prevented the fire fighting process and other emergency 
response efforts (such as experiences from Chile 1960, 1978 Izu-Oshima and Miyagi, 1971 San Fernando, 
and 1987 Whittier earthquakes (Steinbrugge and Rodrigo 1963; Minowa 1980; Knoy 1995). There have 
been several studies which analyzed and investigated the dynamic behavior of liquid storage tanks 
(Minowa 1980; Wilson and John 1983; Olson and Bathe 1983; Dogangun et al. 1996; Dogangun and 
Livaoglu 2004; Livaoglu and Dogangun 2005; Livaoglu 2005; Livaoglu and Dogangun 2006; Livaoglu 
and Dogangun 2007; Sezen et al 2008); however, the major of these studies have focused on the ground 
level cylindrical tanks (Wilson and John 1983; Olson and Bathe 1983). Very few studies have 
concentrated upon the behavior of elevated tanks (Dogangun et al 1996; Dogangun and Livaoglu 2004; 
Livaoglu and Dogangun 2005; Livaoglu 2005; Livaoglu and Dogangun 2006; Livaoglu and Dogangun 
2007; Sezen et al 2008). In comparison with reinforced concrete elevated water tanks with shaft staging, 
the reinforced concrete elevated water tanks with frame staging have shown better seismic behavior to 
resistant against lateral loads, because of having more indeterminacy and seismic energy absorption 
capacity through the nonlinear behavior. The members of reinforced concrete elevated water tanks with 
staging moment resisting frame including some beams and columns have more resistance against lateral 
loads and suffering a little damage, therefore unexpected collapsing never occurred for these tanks 
because of suffering the inelastic deformations and damage distribution on several members. In this way, 
concrete frame can be designed so that the appropriate ductility under lateral loads happened with 
assurance in contrary by thin-walled sections in shaft staging type. Sections near the end of the beams can 
be designed so that had the best appropriate details in order to suffer the inelastic deformation so that 
could dissipate earthquake energy. In reinforced concrete frame column because of greater degrees of 
indeterminacy and feasibility of redistribution of forces in structure, it is possible if the other points 
yielded. The different paths of load transferring and beam to column connections integrating cause which 
this sort of column has a good seismic behavior. In designing such columns, it must prevent creating 
plastic hinges and by conducting the location of hinges on beam the number of them increased and 
nonlinear deformations and destructions in structure are more distributed. In addition, hinges creation in 
columns caused mechanism in frame, which followed ruins. By increasing the number of stories in frame, 
frame-shape behavior and also stiffness grew up which result in decrease of the displacements and more 
integrating in frame against lateral loads. In examining the reports of the earthquakes and investigation on 
existent elevated water tanks in the regions, the failure modes of these types of tanks classified as 
following: 
2.  SHEAR FAILURE MODES IN BEAMS 
This type of failure due to high shear force in the end of beams, 45 degree angle shear cracks appears 
in the plastic joints and creating the end of beams is their failure. Samples this type of failure, Chile 
earthquake in South America in 1960 with a magnitude M=8.5, for aerial water reservoir Hotel Puerto 
3078  Soheil Soroushnia et al. / Procedia Engineering 14 (2011) 3076–3087
Varas, occurred that causes cracks and subsequent fracture shear beams and plastic joint was created. The 
tank so that instability and in some columns due to the high performance large columns create moment is 
low (PEER). Damaged tank struts. Some columns worked slightly at tops due to high moments Sample of 
this sort of failure as shown in Figure 1. 
Figure 1 : Elevated water tank of Puetro Varas Hotel, May 22nd, 1960, Chile earthquake (PEER).
The earthquake in Chile (South America) in May 22, 1960 with a magnitude M= 8.5, for the elevated 
water tank with a volume of 50 cubic meters, bracket has the form of eight square column dimensions of 
40 cm and 180 cm distance each other columns, beams loss creating a joint plastic strut has been reported 
and No damage has been reported in Columns (PEER). This tank apparently rocked on its foundation. 
Some reinforcing steel was exposed to weather before the shock (this was noted at undamaged column 
locations) as shown in Figure 2.  
Figure 2 - Elevated water tank with 50 m3 capacity in May 22nd, 1960, Chile earthquake (PEER) 
Bhuj earthquake in India in 2001 with a magnitude M=7.7, for the elevated water tank with 100 cubic 
meters of volume collapsed, due to the inappropriate design connections and poor detailing of column-
beam  joints. If connections are not designed for seismic forces, they lead to failure in elevated water 
tanks. Columns from one side, where the beams connecting the columns had shear cracks suffered and 
caused unstable side frame of the outcome, then so the elevated water tanks collapsed. Elevated water 
tanks in the 2001 Bhuj (India) earthquake have experienced failure having shown that if the connections 
are not designed for seismic forces, they lead to failure (C Rai 2003).  Side frame and subsequent 
instability failure has occurred is the tank due to the incidence of some shear cracks in the Beam-Column 
frame connections preservative and vertical cracks in some columns, , as shown in Figure 3. 
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(a)                                                                          (b) 
Figure 3(a) – Collapsed slender and weak framed staging of water tanks in Manfera village; Figure 3(b) - Severe damage occurred
to elevated water tanks with frame staging which caused water tank pulled down in Bhachau (C Rai 2003). 
However, if the frame members and the brace-column joints are not designed and detailed for inelastic 
deformations, in the epicentral, tract collapsed whereas severe damage to a water tank in Bhachau 
(January 26th, 2001, Bhuj, India, M=7.7) warranted it to be torn down. Clearly, brace and column 
members of tanks in Manfera and Bhachau do not meet the ductility and toughness requirements for 
earthquake resistance (C Rai 2003). 
3. BENDING-SHEAR FAILURE IN BEAMS 
This type of failure in the bending-shear cracks beams occurs in the middle section beams with a 
gradual increase toward the middle of support prevent occurrence of shear failure and conduct joint with 
plastic end of beams to the middle of beams to create this kind provide failure. An illustration of this type 
of earthquake failure is Chile (South America) in 1960 with a magnitude M=8.5, for the elevated water 
tank volume of 700 cubic meters; it has been shown that joint damage in plastic beams creating a strut has 
been reported. Stirrups the W shape and size during the earthquake within the water tank near 600 cubic 
meters has been reported. Also reported that pipe broke underneath the tank, and separated one meter as 
the water discharged from the tank (PEER). The design seismic shear forces frame members should be 
closed tight took advantage. Figure 4 using open stirrups W shape show that the shear failure beams are in 
the middle.  
Figure 4 - Elevated water tank with 700 m3 capacity in earthquake 1960 Chile (PEER). 
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4. AXIAL FAILURE IN COLUMNS 
Another type of the failure to vertical cracks occurs due to forces column compressive is on them. An 
example of this type of failure is Bhuj earthquake in India in 2001 with a magnitude M=7.7, for the 
elevated water tank with 20 cubic meters capacity located in Gujarat near Anjar, built in 1958 that has 
occurred so relatively severe damages column was created (Eidinger 2001). Deep cracks in the columns 
were observed. The cracks occurred along of longitudinal reinforced of column. Also, in the column 
connection to the container holder system were developed cracks vertically that low the performance of 
columns. It has suffered in elevated tank; however it has been not collapse. 
Figure 5 - Elevated water tank of Gujarat, located in India (Eidinger 2001). 
The other elevated reinforced concrete water tank with approximately 20 meters in height and 350 
cubic meters in capacity which can be seen in Figure 6. The tower has eight legs. The tank was apparently 
full of water during the Bam earthquake (Iran, Dec 26, 2003, M=6.3). According to Figure 6, In spite of 
the appropriate general performance of this structure as shown in Figure 6, some joints cracked so that the 
steel bars can be seen. As a matter of fact the only observed defect in this structure was improper 
reinforcement detailing. Investigations showed that the used steel rebar in the structure were round ones 
to which the cracks to some extent can be related. In addition, one will be surprised, which the columns 
are not reinforced with ties (at least in the joints). It believed that the cracks in the joints to a great extent 
are related to the lack of ties in the joints. Also, Figure 5 is shown, an elevated water tank with frame 
staging, which created 20 years before the 2001 Bhuj earthquake in Gujarat (India), the concrete base had 
been sprayed. After the earthquake affected tank base, small cracks occurred in beam and column 
connections. The number of vertical cracks in some concrete columns between the old and sprayed 
concrete was due to appear compressive forces in the columns (Eshghi et al. 2004; Zahrai and 
Heidarzadeh 2007). 
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Figure 7 – the Elevated water tank of Bam, Iran, Dec 26, 2003 (Eshghi et al 2004, Zahrai and Heidarzadeh 2007) 
5. CRACKS IN CONNECTIONS   
After Bhuj earthquake the elevated water tank, which its legs sprayed with concrete many years ago, 
after earthquake they had some fine cracks in Beam-Column connections, vertical cracks in Columns and 
also shear cracks in beams. . Due to the high compressive forces on columns some columns had numbers 
of vertical cracks which they occurred between the borders of old concrete and sprayed concrete (C Rai 
2003).  
Figure 8 – elevated water tank with a capacity of 680 m3 in 2001 Bhuj earthquake in India suffered small cracks in the joints and 
vertical cracks in the some columns (C Rai 2003). 
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The Pisco system had one 370,000-gallon concrete elevated tank (where their operations center is 
located) and one 1.2-million gallon ground-level tank. The elevated tank support structure had spalling at 
the joints. The ground level tank appeared undamaged. Many concrete elevated tanks throughout the 
region appeared to be undamaged. Guadalupe has several wells. It was reported that the water was turbid 
for 30 minutes following the event, but then cleared. Tambo de Mora receives water from Chincha Baja. 
The transmission line connecting the two was broken, so Tambo de Mora had no water as of August 23. 
In Tambo de Mora in the area of extreme liquefaction, hydrants were located along the road. Pipeline 
damage in this area was expected to be severe (Ballantyne 2007). 
Figure 8 – the Elevated water tank of Pisco, Peru, August 15, 2007 (Ballantyne 2007). 
6. TORSION FAILURE  
The other type of failure is more common in concrete elevated tanks with frame staging, which called 
the torsion failure. In general, the elevated tanks geometry needs to design so that it has symmetry axis at 
geometric center and also centroid and center of rigidity lie at the same point. However, using ladder, 
stairs, installation pipes and executive errors cause incidental eccentricity between centroid and center of 
rigidity. Many elevated water tanks collapsed on vertical direction without any lateral sway in past 
earthquakes, however by perceiving collapsed tanks it understands which a large number of them had 
extra torsion deflection. An example is shown in figure 9. This type of failure in the main action is due to 
twist moment bending, shear and axial forces in frame members arises and causes of damage and failure 
types mentioned above are in the frame members. Elevated water tank in 1980 El-Asnam earthquake with 
a magnitude Algeria M=7.2, the effect of incorrect connections and enlarge treatment plan fell twist. 
Arrangement of frame members standing in the elevated tank in such a way that enlarge the deflection 
behavior does not occur. Failure was due to poor detailing of the reinforcement at the beam-column 
connections (PEER). 
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Figure 9 - Failure of the reinforced concrete supporting tower of an elevated reinforced concrete water tank during the 1980 El-
Asnam Earthquake, Algeria (PEER).  
7. FINITE ELEMENT PARAMETRIC STUDY 
A Finite Element Model (FEM) is used to model the elevated water tank. The three cases of 
completely filled, half filled, and empty tanks considered in this finite element study of a sample water 
tank. Fluid-structure interaction problems were used by Eulerian finite element method (EM) (Wilson and 
John 1983; Olson and Bathe 1983; Dogangun et al 1996; Dogangun and Livaoglu 2004; Livaoglu and 
Dogangun 2005; Livaoglu 2005; Livaoglu and Dogangun 2006; Livaoglu and Dogangun 2007; Sezen et 
al 2008). The frustum and container cylindrical walls were modeled by S3R and S4R. The water in the 
container was modeled by AC3D8 which are shown in figure 10a. In modeling which has done in this 
stage to show how they damage, one column and two beams having maximum replies in analysis were 
used and in three-dimensional elements have been modeled. Three-dimensional elements of beam and 
column were similar to eight hinges elements (Solid68) which is shown in figure 10b. In modeling was 
done in junction of one-dimensional element of beams and columns to their three-dimensional element, 
by bounding all three-dimensional elements together at junction, junction connect to one-dimensional 
element and all degrees of freedom, including the transfer and rotational degrees of freedom has been 
locked. Done to ensure such modeling, structural responses were plotted along the column and linkage of 
replies junction was confirmed. Furthermore, the mode of reinforcement in finite element model was 
done in accordance with the design details. Time history analysis based on DUZCE earthquake records in 
scale 0.1g to 1.0g and also modes for completely filled, half filled and empty reservoir has been done. 
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Horizontal component of DUZCE earthquake record is shown in figure 11 and 12. Horizontal component 
of record had been applied to basis of reservoir simultaneously. 
(a)                                                     (b) 
Figure 10- Finite element model of fluid -elevated tank system. 
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Figure 11- horizontal component in x direction with PGA = 0.73 g, DUZCE Earthquake 
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Figure 12- horizontal component in y direction with PGA = 0.73 g, DUZCE Earthquake 
Barcelona behavior mode has been considered for behavior of reinforced concrete in modeling done, 
which Compressive and tensile behavior of single axis is shown in figure 13. 
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Figure 13-Single-axis model of behavior in reinforced concrete: ;( a): Tensile mode, (b): Compression mode (Lee and Fenves 1998). 
7.1.  Analysis results 
For three cases of completely filled, half filled, and empty tanks time history analysis was performed 
and failure modes and damages to structures were evaluated as follows. To study the damage in elevated 
water tank, time history analysis for reservoir system under DUZCE earthquake record by scales 0.1g to 
1.0g was performed. Due to the fact that, the analysis are time-consuming and for having less operations 
in the modeling done, two beams and one column which are the most critical just have been surveyed. 
The analysis showed that by increasing the amount of earthquake acceleration, tensile damage due to 
bending, in the beginning and the end of the beams started and gradually increases as the earthquake 
acceleration increased and also damage due to the axial force are beginning. Considering the strain in the 
concrete made by total elastic and plastic strain and also, by calculated maximum elastic strain in 
elements, it was identified which in the equivalent plastic strain 0.0018, the total concrete strain will be 
0.003 and concrete may damage. Considering the relationship between damage and strain, the amount of 
strain in concrete strain will be equal to 0.55 of losses hence; above this amount in damages concrete will 
be damage and may collapse. Concrete damages began from 0.3g in acceleration and suffered tensile 
damages due to bending. In figure 14a and 14b, distribution of tensile damage in beams and columns in 
the beam-column connections in a filled tank and 0.1 g record is presented. 
Figure 14-(a) Distribution of tensile damage in the beams and columns in container frame filled tank case, (b) Distribution of tensile 
damage in the junction of beam and column in container frame filled tank case. 
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Furthermore, in 0.7g of acceleration and more concrete suffered compressive damages and in a part of 
beam which connected to column, compressive damages pass the 0.55 of complete damage. After that 
concrete reached the plastic stage and strain pass 0.003. In figure 15 the mode of compressive damage 
distributing in beams, columns and connection of them in completely filled tank and in 1.0g of record is 
shown.
Figure 15- Distribution of compression damage in the components of beams and columns column in container frame filled tank case.
8. CONCLUSIONS 
According to field studies and published reports of earthquakes, it specified that the failure modes of 
reinforced concrete elevated tanks with frame staging are shear and bending modes in beams, axial mode 
in columns, cracks in joints and torsion mode. By numerical studies in a reinforced concrete elevated tank 
with a capacity of 900 cubic meters, it was determined which failure modes of shear forces in beams and 
also, the failure mode of axial force are dominant in this reservoir. The results showed that there is a good 
implementation of numerical studies with field studies. 
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